is the major cause of bronchiolitis in infants, and a common feature of RSV infections is increased lung permeability. The accumulation of fluid in the infected lungs is caused by changes in the endothelial and epithelial membrane integrity. However, the exact mechanisms of viral-induced fluid extravasation remain unclear. Here, we report that infection of human epithelial cells with RSV results in significant epithelial membrane barrier disruption as assessed by a decrease in transepithelial electrical resistance (TEpR). This decrease in TEpR, which indicates changes in paracellular permeability, was mediated by marked cellular cytoskeletal rearrangement. Importantly, the decrease in TEpR was attenuated by using p38 MAPK inhibitors (SB-203580) but was partially affected by JNK inhibitor SP-600125. Interestingly, treatment of A549 cells with MEK1/2 inhibitor (U-0126) led to a decrease in TEpR in the absence of RSV infection. The changes in TEpR were concomitant with an increase in heat shock protein 27 (Hsp27) phosphorylation and with actin microfilament rearrangement. Thus our data suggest that p38 MAPK and Hsp27 are required for RSV induction of human epithelial membrane permeability. lung permeability; mitogen-activated protein kinase RESPIRATORY SYNCYTIAL VIRUS (RSV), a negative-stranded nonsegmented RNA virus, is the most common cause of respiratory tract viral infection in children, and nearly all children are exposed to this virus by age two (18) . During respiratory virus infections, including infections with RSV, there is a significant increase in lung permeability, which allows cell and fluid migration into the lung air spaces. The accumulation of fluid in the infected lungs is, in part, caused by changes in the endothelial and epithelial membrane integrity. Fluid extravasation during infections can cause alveolar flooding, rhinorrhea, middle ear effusions, and an increase in respiratory bacterial infections (5, 11, 33, 40, 46) . Viral-induced fluid extravasation is also a common feature of viral hemorrhagic diseases (35) .
RSV infections can lead to severe respiratory infections in the elderly and immunocompromised individuals (44) . RSV can also induce other severe respiratory infections such as acute respiratory distress syndrome and acute lung injury, both of which involve endothelial and epithelial membrane dysfunction (8, 19, 46) . RSV infection starts in the upper airway epithelial cells, but it can spread to the lower airways and cause severe bronchiolitis, which is manifested by inflammatory cell infiltration, mucus secretion, and edema (12, 18, 36, 41) . However, the exact mechanisms of viral induced fluid extravasation remain unclear.
Recently, a report by Kilani et al. (27) showed that RSV induction of human epithelial membrane permeability was due to the expression of VEGF. We (8) previously reported that infection of human endothelial cells with bluetongue virus (BTV), a hemorrhagic fever virus of the ruminants, caused transendothelial barrier disruption. The BTV-induced endothelial barrier dysfunction was mediated by the activation of p38 MAPK pathway, which has been established as a critical signaling pathway for vascular endothelial permeability induced by different stimuli (2, 3) .
The interrelated MAPK pathways are exemplified by the p38 MAPK, ERK, and JNK pathways. These serine/threonine protein kinases are activated by a variety of intracellular and extracellular stimuli including viral infection (10, 15, 16, 20, 30, 34) . After stimulation, p38 MAPK, JNK, and ERK activate several downstream transcription factors such as STAT-1, activating transcription factor-2, and Ets domain-containing protein (Elk-1), which are involved in regulation of inflammation (6, 14, 22) . Moreover, through MAPK-activated protein kinase-2, p38 MAPK activates heat shock protein 27 (Hsp27) by phosphorylation on several different sites such as Ser15, Ser78, Ser82, and Thr143 (7). Hsp27 then regulates cell shape changes by causing dynamic rearrangement of cytoskeletal proteins such as actin (7) .
In this study, we have examined the mechanism for disruption of lung epithelial membrane integrity by RSV infection in an in vitro model. Our data, using primary human bronchial epithelial (PHBE) and A549 human alveolar epithelial cells, showed that infection with RSV diminished membrane barrier integrity as assessed by a decrease in transepithelial electrical resistance (TEpR). Our data further showed that using a pharmacological inhibitor of p38 MAPK reduced RSV induction of epithelial membrane permeability. Under identical conditions, inhibition of ERK and JNK led to modest changes in RSV induction of membrane permeability.
The reduction in membrane integrity was not due to virusinduced apoptosis as determined by annexin V and 4,6-diamidino-2-phenylindole (DAPI) staining. There was, however, a concomitant increase in virus-induced Hsp27 phosphorylation, which was attenuated by treatment of the cells with p38 MAPK inhibitor before infection. Our data provide a molecular mechanism for RSV induction of epithelial barrier disruption and fluid/cell extravasation.
MATERIALS AND METHODS
Cell culture and reagents. PHBE cells were purchased from Cambrex Bio Science (Walkersville, MD) and grown in serum-free bronchial epithelial basal medium-2 with supplements according to the supplier's protocol. Human alveolar basal epithelial cells (A549) were grown at 37°C in 5% CO 2 Viral propagation, infection, and UV inactivation. Human RSV subtype A 2 was propagated in human epithelial cell line (HEp-2) cells as described (17) . For virus infections, PHBE and A549 cells were first treated with the pharmacological inhibitors of MAPK for 1 h, and then the medium containing the inhibitor was removed, and cells were infected with RSV at the multiplicity of infection (MOI) indicated in the figure legends. After 1 h of incubation at 37°C, complete medium with the appropriate inhibitor was added, and the cells were incubated further before harvesting. Virus stocks were inactivated by a 10-min exposure to UV (254 nm) in a UV cross-linker (Stratagene, La Jolla, CA).
Transepithelial membrane permeability measurements. Lung epithelial membrane permeability was measured by using an electrical cell-substrate impedance sensing system (ECIS; Applied BioPhysics, Troy, NY) as previously described (4, 8) . PHBE or A549 cells were plated onto gold-evaporated electrodes (8W10E, Applied BioPhysics) at a density of 150,000 cells per well and grown to a confluent monolayer. Experiments were conducted when the monolayer achieved a resistance of at least 5,000 ⍀. As a measure of paracellular contact and permeability, TEpR across the monolayer was measured over time. Based on the analysis of the data using the RbAlpha software (Applied BioPhysics), our data represent alterations in cell-to-cell adhesion and not cell-to-substrate contact. For antibody inhibition assays, neutralizing anti-VEGF was purchased from R&D Systems (Minneapolis, MN). The specific antibody and the isotype control were added to the cell monolayer in the ECIS electrode at 20 g/ml. The data were normalized to baseline by subtracting the differences in the increased resistance. All of the experiments were performed in duplicate, and the results are presented as means Ϯ SD.
Analysis of cell apoptosis. To assay for RSV-induced apoptosis, A549 cells were infected with RSV for 12 and 24 h and then washed 2ϫ with PBS and stained with FITC-labeled annexin V and propidium iodide (Trevigen, Gaithersburg, MD) according to manufacturer's instructions. Stained cells were subjected to flow cytometry using CellQuest software (BD Biosciences, San Jose, CA). Viability was determined by percentage of double-negative cells compared with total cells (43) . Nuclear fragmentation was visualized by using DAPI stain (Molecular Probes, Eugene, OR) followed by confocal microscopy. UV induction of apoptosis in A549 cells was performed as previously described (25) . All experiments were performed in duplicate, and the results are presented as means Ϯ SD.
Actin staining, immunostaining, and confocal microscopy. PHBE or A549 cells were grown on sterile coverslips in six-well plates. After virus infection, cells were washed, fixed with 4% formaldehyde, and permeabilized with 0.1% Triton X-100. F-actin was stained with Texas red phalloidin (0.165 M), and monomeric G-actin was stained with Alexa Fluor 488-labeled DNase I (0.3 M) for 30 min. Nuclei were then stained with DAPI in ProLong Gold anti-fade solution (Molecular Probes).
For immunostaining using anti-RSV, A549 cells were grown as a confluent monolayer on coverslips. After infection with RSV at indicated MOI, cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. FITC-conjugated anti-RSV (Chemicon, Temecula, CA) was added to the cells at 1:150 dilution in 1% BSA in PBS-T (PBS with 0.05% Tween 20). After overnight incubation, cells were washed 2ϫ with PBS-T. Confocal microscopy for the detection of cellular changes were performed using a Zeiss LSM 510 UV META laser scanning confocal microscope (Carl Zeiss MicroImaging, Thornwood, NY) under a ϫ40 objective lens. All images were analyzed for total fluorescence by using NIH ImageJ software.
Cellular protein extraction and Western blot analysis. Cells were infected with RSV at MOI of 2.5 plaque-forming units (pfu)/cell. After 24 h, medium was removed, and cells were washed 2ϫ with PBS. Equal numbers of cells were lysed using 1ϫ SDS sample buffer containing 2.5% 2-mercaptoethanol. The proteins were denatured and reduced by heating the samples at 95°C for 3 min. The chromosomal DNA was then sheared by passing the samples through a 26-gauge needle several times. The proteins were resolved on a 10 or 12% SDS-PAGE and then electrotransferred onto nitrocellulose membranes.
Proteins were identified by using antibodies to phosphorylated and nonphosphorylated forms of p38 MAPK, JNK, ERK, and Hsp27 (Cell Signaling Technology, Beverly, MA) and used according to the manufacturer's protocol. The immunoblotted proteins were then visualized by using the ECL Western blot detection system (GE Healthcare Bio-Sciences, Piscataway, NJ).
RESULTS

RSV infection induces epithelial monolayer disruption as measured by changes in TEpR.
The epithelial monolayer plays a critical role in lung permeability (21) . To test whether RSV infection induced changes in epithelial monolayer integrity, we have used a method to detect changes in membrane electrical resistance in real-time. Confluent monolayers of PHBE or A549 cells were infected with RSV at different MOI (Fig. 1, A and B) , and TEpR was continuously measured using an ECIS instrument. The data in Fig. 1, A and B, show that RSV infection induced a concentration-dependent decrease in epithelial monolayer resistance. The decrease in resistance was first detected at 5-10 h postinfection for the two different cell types, and the resistance continued to decrease 25-30% over time. As a control, we used UV-inactivated RSV in A549 cells, which did not induce any decrease in TEpR when added at MOI of 5 pfu/cell, suggesting that virus replication is required for the observed effects.
Decrease in TEpR is not due to apoptosis but due to paracellular contact. The decrease in RSV-induced TEpR suggests an enhancement of paracellular permeability or viralinduced cell death perhaps by apoptosis. To test these possibilities, we first examined RSV induction of apoptosis in A549 cells. Cells were infected with RSV at MOI of 2.5 pfu/cell, and the apoptosis was then measured first by annexin V staining. Data in Fig. 2A showed that there was no significant increase in apoptosis at 12-or 24-h time points. As a positive control, A549 cells were treated with UV for 30 min and then incubated overnight to induce apoptosis ( Fig. 2A) . In addition to annexin V staining, we also examined the late apoptotic events by visualizing the presence of nuclear fragmentation by DAPI staining of infected cells. The data in Fig. 2B showed that RSV infection at MOI of 5 pfu/cell after 24 h did not induce nuclear fragmentation in A549 cells. In contrast to RSV infection, UV treatment of A549 cells for 30 min induced marked nuclear fragmentation (Fig. 2B) .
Since the data in Fig. 2, A and B, showed that there was no increase in apoptosis, we next examined whether there was paracellular gap formation. Confluent monolayers of A549 cells were either mock infected or infected at an increasing MOI as indicated in Fig. 2C . After 24 h, cells were stained with Texas red phalloidin to visualize actin microfilaments. The data in Fig. 2C showed that RSV infection resulted in a dose-dependent gap formation. This suggested that, in agreement with data reported by Kiani et al. (26) , RSV-induced decrease in TEpR was due primarily to paracellular gap formation.
RSV activation of MAPK pathway is necessary for changes in TEpR. Since data from our group and others have shown that MAPK pathway is involved in endothelial permeability (3, 8) , we next examined the role of p38, JNK, and ERK in RSV induction of epithelial membrane disruption. First, we determined the effect of pharmacological inhibitors on their targets during RSV infection of A549 cells. Cells were treated with p38 MAPK inhibitor (SB-203580; Fig. 3A) , inhibitor of JNK (SP-600125; Fig. 3B ), or inhibitor of ERK (U-0126; Fig. 3C ) for 1 h before infection with RSV at MOI of 2.5 pfu/cell. Cells were harvested after 24 h of infection, and total cellular proteins were extracted and used in Western blot analysis. The data in Fig. 3 showed that RSV activated MAPK pathways, and the inhibitors effectively attenuated the virus-induced MAPK activation.
We next examined the effect of the MAPK inhibitors on viral-induced changes in TEpR. Confluent monolayers of A549 and PHBE cells were treated with each MAPK inhibitor at optimal concentration for 1 h before infection with RSV at MOI of 2.5 pfu/cell. The change in TEpR was then continuously measured. Data in Fig. 4A showed that inhibition of p38 MAPK significantly attenuated RSV induction of membrane disruption in both A549 and PHBE cells. Inhibition of JNK partially attenuates reduction in TEpR in A549 and in PHBE cells (Fig. 4B) . However, inhibition of ERK pathway resulted in attenuation of TEpR changes only during early times after RSV infection (Fig. 4C) . However, at later times postinfection, inhibition of ERK had no effect on RSV-induced TEpR changes. It is important to mention that treatment of A549 but not PHBE cells with the ERK inhibitor (U-0126) pathway resulted in a significant decrease in TEpR without viral infection, suggesting that there are differences between primary epithelial and A549 cells in the regulation of cellular gap junctions.
RSV infection induces cytoskeletal rearrangement in epithelial cells.
A critical step for cell shape changes allowing for paracellular gap formation is actin microfilament rearrangement (39) . To determine the effect of RSV infection on actin microfilament rearrangement, we infected A549 cells with RSV at MOI of 2.5 pfu/cell. After 24 h, actin was visualized by staining with Texas red phalloidin (Fig. 5A) for filamentous form and with Alexa Fluor 488-labeled DNase I staining for the globular form. In contrast to mock infected cells, which showed a relatively equal distribution of filamentous and globular actin, RSV infection resulted in potent cytoskeletal rearrangement as detected by an increase in filamentous actin polymerization.
We next examined the effect of MAPK inhibitors on RSV induction of cytoskeletal rearrangement from globular to filamentous (Fig. 5A ). Cells were treated with the MAPK inhibitors for 1 h and then infected with RSV at MOI of 2.5 pfu/cell. After 24 h, cells were stained with Texas red phalloidin for the filamentous form and Alexa Fluor 488-labeled DNase I for the globular form of actin. We then quantified actin polymerization in data obtained in Fig. 5A by determining the ratio of filamentous-to-globular actin (Fig. 5B) . The data in Fig. 5 showed that the p38 MAPK inhibitor significantly attenuated RSV induction of actin polymerization.
RSV infection activates Hsp27. It has been established that polymerization of actin and corresponding cell shape changes are mediated through the activation of Hsp27 by p38 MAPK (31) . To address the involvement of Hsp27 in RSV induction of epithelial monolayer disruption, we first performed Western blot analysis detecting the phosphorylation state of Hsp27 on two critical residues, Ser78 and Ser82 (Fig. 6 ). A549 cells were treated with different MAPK inhibitors for 1 h before infection with RSV at MOI of 2.5 pfu/cell. After 24 h, total cellular proteins were separated by electrophoresis, and phosphorylation state of Hsp27 was determined by Western blot analysis using specific antibodies to phosphorylated forms of Hsp27 on Ser78 and Ser82.
Data in Fig. 6A showed that RSV infection induced phosphorylation of Hsp27 on both residues, Ser82 and Ser78. The increase in Hsp27 phosphorylation was potently attenuated by treatment of the cells with p38 MAPK inhibitor SB-203580 (Fig. 6B) . Addition of the JNK inhibitor SP-600125 did not have an appreciable effect on Hsp27 phosphorylation. In contrast, the ERK inhibitor U-0126 enhanced RSV induction of Hsp27 phosphorylation (Fig. 6C) , which is consistent with the data obtained from TEpR experiments when using A549 cells (Fig. 4C, top) .
DISCUSSION
An important complication of respiratory viral infections such as infection with RSV is fluid extravasation into the lung air spaces. This requires, in part, dysregulation of epithelial membrane barrier function. The increase of fluid in the lung air spaces can lead to pneumonia and secondary bacterial infections (21) . Thus far, the molecular mechanisms for viralinduced epithelial membrane permeability have not been fully elucidated. In this report, we show for the first time that infection of human epithelial cells with RSV leads to activation of MAPK pathways, Hsp27 phosphorylation, actin microfilament rearrangement, cell shape changes, and gap formation, which subsequently leads to epithelial permeability.
Infection of PHBE and A549 cells with RSV led to a dose-dependent decrease in TEpR as measured by ECIS. This Fig. 2 . RSV infection does not cause apoptosis but causes paracellular gaps. A549 cells were treated with vehicle alone (Mock), treated with UV (30 min) to induce apoptosis, or infected with RSV at multiplicity of infection (MOI) of 2.5 pfu/cell. Apoptosis levels were then determined after further incubation by annexin V staining and flow cytometry (A) or with 4,6-diamidino-2-phenylindole (DAPI) nuclear staining (B) and confocal microscopy (n ϭ 3). Scale bar represents 10 m. C: to test for the presence of paracellular gaps, confluent monolayers of A549 cells were infected with RSV at concentrations indicated in the figure. The cells were then stained with Texas red-phalloidin for actin and DAPI for nuclear staining. RSV-infected cells were visualized by using FITC-labeled goat anti-RSV antibody. Arrows indicate paracellular gaps (n ϭ 2).
decrease in TEpR was a function of live virus and was not affected by UV-inactivated RSV particles. Since ECIS measurements are a function of cell-to-cell contact, our data suggest that there was virus-induced paracellular membrane permeability. Since VEGF has been reported to induce endothelial and epithelial monolayer disruption (1, 27), we have examined whether the RSV-induced reduction in monolayer integrity was due to secretion of VEGF. Confluent A549 monolayers either were infected with RSV at MOI of 5 pfu/cell or were first treated with neutralizing anti-VEGF antibody at 20 g/ml and then infected. Data from the ECIS experiments showed that the presence of anti-VEGF had a partial (ϳ28% decrease) and reproducible effect on the early events, between 8 -16 h postinfection, which continued overtime (data not shown). This is similar but not identical to data obtained by Kilani et al. (27) . The difference may likely be due to the dose of virus used in experiments by Kilani et al. (Ref. 27 ; 0.05 and 0.5 pfu/cell) and in our experiments (2.5 and 5 pfu/cell).
Kotelkin et al. (28) reported that RSV infection can induce apoptosis; therefore, we performed annexin V staining of the cells after RSV infection. Our flow cytometry data showed that RSV infection did not induce apoptosis in A549 cells at 24 h postinfection. In addition, nuclear staining with DAPI did not show any morphological changes in the nuclei such as fragmentation, which is a hallmark of cells undergoing apoptosis (23) . As expected, UV treatment of A549 cells induced marked nuclear fragmentation (Fig. 2A) .
Paracellular gap formation is the result of changes in adherens and tight junctions. Intracellular regulation of tight junctions is mediated by cytoskeletal actin microfilament organization, and actin rearrangement is associated with membrane barrier function. Actin is present as polymeric filamentous (F) and monomeric globular (G) forms, and the reorganization of actin between these two forms regulates cell shape changes (38) . To assess the role of actin in RSV induction of membrane permeability, we performed fluorescent staining of filamentous actin with Texas red phalloidin and globular actin with Alexa Fluor 488-labeled DNase I. Our data showed that RSV infection resulted in potent reorganization of actin from G to F form, which leads to cellular contraction and gap formation (Fig. 5,  B and C) . This is in agreement with our hypothesis that RSV induction of epithelial permeability is through reduction of cellular contact.
Recent reports by Birukova et al. (2) showed that actin reorganization and paracellular gap formation in endothelial membrane were mediated by activation of MAPK pathway, which led to downstream activation of Hsp27. We (8) have recently reported that infection of endothelial cells with BTV, a hemorrhagic virus, resulted in the induction of membrane permeability through the activation of p38 MAPK pathway.
In this report, we have used pharmacological inhibitors of p38 MAPK, JNK, and ERK to address the role of MAPK pathways in RSV induction of membrane permeability. Our data showed that inhibition of p38 MAPK resulted in a significant attenuation of RSV-induced gap formation as assessed by ECIS and fluorescent staining. This is consistent with previous data from our lab (8) and others (3) that showed that p38 MAPK was critically involved in endothelial membrane per- -600125; B) , or ERK inhibitor (U-0126; C) before infection with RSV at MOI of 2.5 pfu/cell. Cellular proteins were separated on 10% SDS-PAGE and blotted using antibodies to the phosphorylated (P) form of the MAPKs followed by visualization using the ECL method. As a control, the blots were stripped and reprobed with specific antibodies to the nonphosphorylated MAPKs (n ϭ 2). meability. Our data further showed that JNK inhibition partially affected RSV induction of epithelial permeability. Inhibition of ERK signaling in A549 cells led to a reduction in TEpR in the absence of RSV infection, suggesting a role for ERK in basal regulation of membrane integrity at least in this cell line. In contrast, treatment of PHBE cells with ERK inhibitor alone did not have any significant effect on basal or viral-induced permeability (Fig. 4C) , suggesting that in primary epithelial cells, ERK does not have a role in membrane integrity. At this point, the difference between A549 and primary epithelial cells in the role of ERK in basal regulation of cellular contact is not clear, but it could be due to the lack of tight junctions in A549 cells (13, 42) . Both adherens and tight junctions are present in primary epithelial cells.
It is well-established that subsequent to p38 MAPK activation, Hsp27 phosphorylation mediates actin reorganization leading to cell shape changes (32) . The phosphorylation of Hsp27 is protective against stress-induced actin fragmentation, whereas in nonphosphorylated form, it can prevent actin polymerization (24, 38) . It has been reported that Hsp27 phosphorylation on several residues including Ser78 and Ser82 is necessary for actin rearrangement (7, 31) . We, therefore, examined the effect of RSV infection on Hsp27 activation by Western blot analysis. Our data showed that RSV infection resulted in phosphorylation of Hsp27 on both Ser78 and Ser82.
In agreement with data obtained from experiments of TEpR using ECIS instrument, treatment of the cells with the p38 MAPK inhibitor attenuated RSV-induced phosphorylation of Hsp27 (Fig. 6) . Interestingly, inhibition of ERK signaling enhanced Hsp27 phosphorylation. This is consistent with our data showing that in the absence of RSV infection, ERK inhibition increased membrane permeability in A549 cells (Fig. 4C) . Addition of ERK inhibitor alone to the cells resulted in an increase in basal activation of Hsp27 (data not shown). The reason for this observation is not yet clear, but it may suggest a complex interplay between MAPK pathways in maintaining basal membrane barrier function in some cell types.
Recently, Kunzelmann et al. (29) reported that RSV infection induced fluid accumulation in the lungs by inhibition of airway sodium transport. It also has been reported that secretion of cytokines such as TNF-␣, TGF-␤, and VEGF contributes to endothelial and epithelial permeability (9, 27, 37, 45). At this point, the exact mechanism of virus-induced perme- Fig. 6 . A-C: effects of MAPK inhibition on heat shock protein 27 (Hsp27) phosphorylation. A549 cells were mock treated (vehicle), treated with the indicated p38 MAPK inhibitor (A), JNK inhibitor (B), or ERK inhibitor (C) for 1 h before infection with RSV at MOI of 2.5 pfu/cell. After 24 h, total cellular proteins were separated on a 12% SDS-PAGE, and phosphorylation of Hsp27 was determined by Western blot analysis using antibodies specific to phospho-Ser78 and phospho-Ser82. As an internal control, the level of nonphosphorylated Hsp27 was determined by probing identical blots with a specific antibody (n ϭ 2). ability is not clear. Our data revealed that RSV infection resulted in activation of p38 MAPK and Hsp27 phosphorylation. These signal transduction events led to actin microfilament rearrangement, cell shape changes, and paracellular gap formation. We believe that disruption of membrane barrier function by paracellular gap formation is a likely mechanism for fluid and cell extravasation into the lung air spaces.
At this point, it is not clear whether RSV-induced gap formation is a direct intracellular effect or occurs through secretion of cytokines. Based on our observations and data provided by Kilani et al. (27) , we speculate that both mechanisms may be involved. Our future experiments will be aimed at delineating the exact virally activated signal transduction pathways that participate in RSV-induced gap formation.
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